An effective vaccine for genital herpes has been difficult to achieve because of the limited efficacy of subunit vaccines and the safety concerns about live viruses. As an alternative approach, mutant herpes simplex virus strains that are replication-defective can induce protective immunity. To increase the level of safety and to prove that replication was not needed for immunization, we constructed a mutant herpes simplex virus 2 strain containing two deletion mutations, each of which eliminated viral replication. The double-mutant virus induces protective immunity that can reduce acute viral shedding and latent infection in a mouse genital model, but importantly, the double-mutant virus shows a phenotypic defect in latent infection. This herpes vaccine strain, which is immunogenic but has defects in both productive and latent infection, provides a paradigm for the design of vaccines and vaccine vectors for other sexually transmitted diseases, such as AIDS.
Until recently, it was believed that, to be effective, viral vaccines must consist of a live, replication-competent virus or a large dose of inactivated virus (1) . Replication of live virus was believed to be essential to provide sufficient immunogen to induce a strong immune response. However, several nonreplicating vaccines, including replication-incompetent viruses and even free DNA, have been shown to induce an immune response. For example, replication-defective mutant viruses of adenovirus (2) , poxviruses (3) (4) (5) , and herpes simplex virus (HSV; refs. 6-8) have been used as vaccines and vaccine vectors. An effective vaccine against genital herpes is highly desirable because of the morbidity and mortality caused by disseminated herpes infections in neonates and immunocompromised individuals (9) . However, HSV subunit vaccines and live, attenuated vaccines have limitations because of low efficacy and safety concerns, respectively. Subunit vaccines have failed to provide any therapeutic protection against recurrent genital herpes in at least one clinical trial (10) , presumably because of poor induction of cellular immunity needed to protect against HSV infection. In contrast, attenuated viruses have been difficult to engineer such that both safety and immunogenicity are optimized.** Immunization against HSV is also complicated by the need to protect against latent infection of neurons and by the potential of the vaccine virus to establish latent infection.
As alternative vaccine approaches, HSV replicationdefective mutant strains with mutations in essential viral genes that fail to form progeny virions (6, 7) and single-cycle mutant viruses with mutations in structural protein genes that form uninfectious, progeny virions (8) have been used to immunize mice against virulent HSV challenge. We have shown that an HSV-2 mutant strain with a mutation in the UL29 gene encoding infected cell protein 8 (ICP8) could express many viral proteins without replicating its DNA in normal cells and could immunize mice and guinea pigs against genital challenge with virulent HSV-2 (11, 12 ). An HSV-2 strain with a mutation in the glycoprotein H gene also protected against genital challenge with HSV-2 (13) . However, because all of these strains contained a single mutation, limited in vivo replication of the mutant virus was possible. We felt that it was advantageous to introduce at least two mutations into the HSV-2 genome to generate a candidate HSV-2 vaccine. Two or more mutations would lead to a safer vaccine candidate because of a reduced potential for generation of replication-competent virus due to recombination with the endogenous gene in the propagating cell line or recombination with wild HSV in the host. In addition, two mutations would eliminate the potential for viral replication in vivo; thus, if this virus were efficacious for inducing protective immunity, this result would argue that replication was truly not essential for vaccine efficacy.
MATERIALS AND METHODS
Cells and Viruses. The wild-type (wt) HSV-2 strain 186 syn ϩ -1 (14) was propagated and titrated on Vero Cells (American Type Culture Collection). We have isolated and characterized the dl5, dl29, and dl5-29 mutant HSV-2 strains (X.J.D. and D.M.K., unpublished work). Briefly, the dl5 mutant virus contains a deletion removing the UL5 gene and part of the nonessential UL4 ORF from nucleotides 12,244 to 15,143 (15) and was propagated on L5 cells (16) , which were generously provided by Sandy Weller (University of Connecticut School of Medicine, Farmington, CT). The dl29 virus contains a deletion in the UL29 gene from nucleotides 58,784 to 62,527 (15) and was propagated on S-2 cells (17) . The dl5-29 mutant virus was isolated by crossing the two single mutant viruses in V5-29 cells, which were derived from Vero cells by cotransformation of the HSV-1 ICP8 coding sequences and the HSV-2 UL5 coding sequences with a neomycin-resistance gene. The dl5-29 double-mutant virus was identified as a recombinant virus that grew only on the V5-29 cell line. The presence of deletions in the UL5 and UL29 genes was confirmed by Southern blot hybridization and DNA sequencing analysis.
The HSV-2 186⌬Kpn mutant virus was isolated by introduction of a deletion of the KpnI fragment from the thymidine kinase (TK) gene and selection in the presence of acyclovir (C.A.J., T. J. Taylor, and D.M.K., unpublished work).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
PNAS is available online at www.pnas.org. Viruses were inoculated intranasally as described (12) . Subcutaneous immunization with viruses was performed as described (7). Intravaginal challenge with virulent HSV-2 strain G virus was performed as described (12) . Quantitative PCR. Quantitative PCR was performed as described by Kramer and Coen (18) , by using two primers from the portion of the HSV-2 TK gene not deleted in 186⌬Kpn: 2TK-1 (TGG ATT ACG ATC AGT CGC C) and 2TK-2 (ACA CCA CAC GAC AAC AAT GC). Each set of samples was assayed with a series of HSV-2 DNA standards comprised of trigeminal ganglionic DNA and known amounts of HSV-2 virion DNA. The amplification products were resolved on 8% polyacrylamide gels, transferred to Genescreen Plus (New England Nuclear), and hybridized with end-labeled oligonucleotide 2TK-3 (CCA TCG CCG AGA TAC GCG AC). The bound probe was detected by PhosphorImage (Bio-Rad) analysis and quantified by using the MULTIANALYST (Bio-Rad) software.
RESULTS

Biological Properties of an HSV-2 Double-Deletion Mutant.
We have isolated an HSV-2 recombinant virus, dl5-29, which contains deletion mutations in both the UL29 (ICP8) gene and the UL5 gene (X.J.D. and D.M.K., unpublished work): the products of these genes are essential for HSV DNA synthesis (19, 20) . This mutant virus grows only on V5-29 cells containing the ICP8 and UL5 genes and does not grow in normal Vero cells (X.J.D. and D.M.K., unpublished work). We wished to test the biological and immunization properties of dl5-29 in a murine model of genital herpes infection (12) ; therefore, we first examined the growth of dl5-29 in mouse cells in culture. Although wt HSV-2 showed a 62-fold increase in titer between 2 h and 18 h after infection, the UL5 single-deletion mutant dl5, the UL29 single-deletion mutant dl29, and the dl5-29 double mutant all showed decreases in viral titers during the same period (Table 1) . Thus, the UL5 and UL29 mutations individually blocked viral growth in mouse cells, and dl5-29 contained a double block in viral growth. Similarly, when wt HSV-2, dl5-29, and the HSV-2 186 TK-negative (TK Ϫ ) virus 186⌬Kpn (C.A.J., J. T. Taylor, and D.M.K., unpublished work) were inoculated intranasally in BALB͞c mice, the wt and TK Ϫ viruses showed increases in viral titer in nasal septum tissue, whereas all detectable infectivity of dl5-29 disappeared from the nasal septum tissue by 20 h after inoculation (Fig. 1) . Thus, dl5-29 was defective for replication both in cultured mouse cells and in vivo.
We investigated the ability of the dl5-29 and 186⌬Kpn viruses to enter sensory ganglia and establish latency by BALB͞c 3T3 cells were infected with the indicated virus (multiplicity of infection ϭ 5), and total intracellular and extracellular virus was harvested at the times indicated. Virus titers were then determined by plaque assay on V5-29 cells that complement growth of UL5 and UL29 mutant viruses. pfu, plaque-forming unit.
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Proc. Natl. Acad. Sci. USA 96 (1999) quantifying viral DNA in sensory ganglia after intramuscular, intradermal, or intranasal inoculation of the viruses. At various times after inoculation, the innervating sensory ganglia were excised, and quantitative PCR was used to determine the levels of HSV-2 DNA in the tissue. The HSV-2 TK Ϫ mutant virus, 186⌬Kpn, was used because it is attenuated-and thus not lethal like wt HSV-2-allowing establishment of latent infection in mice (C.A.J., J. T. Taylor, and D.M.K., unpublished work). No dl5-29 DNA was detected in the relevant ganglia after intradermal or intramuscular inoculation (not shown). A low level of dl5-29 viral DNA accumulated in the trigeminal ganglia of some mice at days 1-3 after intranasal inoculation, but after 3 days these levels decreased and became undetectable in nearly all ganglia ( Fig. 2 and an additional experiment, not shown). The levels of dl5-29 DNA were significantly lower on days 7, 14, 21, and 28 as compared with the day 3 level, as determined by using the Mann-Whitney rank sum test (P Ͻ 0.01). In contrast, the 186⌬Kpn viral DNA accumulated in trigeminal ganglia and persisted in that tissue (Fig. 2) . The levels of 186⌬Kpn DNA on days 7-28 were not statistically different from the day 3 level. Thus, dl5-29 was inefficient at reaching the ganglia, likely because of its inability to replicate, but even when it did reach the ganglia, dl5-29 was unable to persist stably in ganglionic tissue. Immunization Against Genital Herpes. The abilities of the double dl5-29 and single dl5 and dl29 mutant viruses to induce protective immunity in a mouse genital-herpes model (12) then were compared. We chose this system, because it requires live virus for immunization (X.J.D., L. A. Morrison, and D.M.K., unpublished work) as compared with the guinea pig system in which inactivated virus can induce protective immunity (11) . We immunized mice with dl5 virus, dl29 virus, dl5-29 virus, or uninfected cell-lysate as a control and then infected the mice intravaginally with virulent HSV-2 strain G virus (5 ϫ 10 5 pfu, a dose 50 times the LD 50 ). The control mice immunized with uninfected cell extract all showed genital lesions and died by 10 days after infection (six of six animals; X.J.D. and D.M.K., unpublished results). In contrast, the mice immunized with the mutant viruses were protected from lesion formation and survived the challenge infection (six of six animals for each of the three mutants; X.J.D. and D.M.K., unpublished results). Similarly, the control mice showed significant virus production in their genital tracts over 7 days after challenge, whereas the mutant-immunized mice showed greatly reduced levels of virus shedding (Fig. 3) . Most importantly, the double-mutant dl5-29 virus was as effective as the single-mutant viruses at inducing immunity that reduced challenge virus replication.
Prior immunization with dl5-29 also reduced latent infection after challenge infection with HSV-2. Mice were immunized with dl5-29 virus or uninfected cell lysate as a control and then challenged with HSV-2 186⌬Kpn virus by intranasal infection. After 30 days, the trigeminal ganglia of the mice were removed, and latent HSV-2 DNA was quantified by PCR. Prior immunization with dl5-29 reduced the latent viral DNA content of the challenge virus by Ͼ6,000-fold (Table 2) . Thus, productive infection or latent infection by the vaccine virus is not needed for effective immunization in this system.
DISCUSSION
At least two separate, nonreverting mutations are expected in microbial strains being used as live vaccines (21); thus, the dual mutations in dl5-29 provide one of the essential safety features of a live viral vaccine. These results show that it is possible to introduce two mutations into the HSV genome, each of which renders the virus defective for viral DNA synthesis and growth, without compromising the ability of the virus to induce protective immunity against genital herpes in an animal model. The double-mutant virus is stable on passage in the comple- The additional biological property of a defect in latent infection was unexpected. This mutant HSV strain is the first that is nearly completely defective for stable establishment or maintenance of latent infection. In some studies, a virus deleted for the latency-associated transcript coding sequences has shown a few-fold reduction in latency (22, 23) . All prior tests of replication-defective mutant viruses have shown an ability of these viruses to undergo latent infection, although these are somewhat reduced compared with the wt virus (8, (24) (25) (26) . However, these tests were all with HSV-1 mutant viruses inoculated at other sites in mice. Thus, further studies are needed to compare dl5-29 and other mutant viruses. Nevertheless, all previous herpes viruses considered as vaccine candidates are capable of latent infection (8, (26) (27) (28) . The dl5-29 virus is greatly decreased in its ability to reach the sensory ganglion, but the phenotype of this virus is such that, 3 days after inoculation, its viral DNA becomes undetectable (Ͻ10 DNA molecules per ganglion) in nearly all (30 of 32) ganglia. Previous studies of other replication-defective mutant viruses have detected an average of 100 DNA molecules per ganglion 30 days after infection (24, 25) . Because of the unique latency phenotype of dl5-29, further studies of the genetic basis of this property are needed. Although the UL5 and UL29 genes and part of the nonessential UL4 gene are deleted, we do not know whether the latency defect is associated with any of these mutations. Restoration of each of these genes will be required to determine whether the phenotype is associated with these mutations. Nevertheless, ICP8 (the UL29 gene product) has been reported to play a role in repression of viral gene expression (29) , thus possibly aiding in neuronal survival, evasion of the host immune response, and establishment of latent infection. Similarly, the UL5 gene has been associated with a neuron-specific replication function of HSV (30) that may be relevant to establishment of latent infection.
The general perception in the viral vaccine field has been that the ''immunogenicity of a vector is closely tied to the extent of replication that vector undergoes in vivo'' (31) . Consequently, some have concluded that a live virus will be needed to induce the necessary cellular immunity to protect against sexually transmitted viruses, in particular HIV and genital herpes. Safety concerns then arise because ''pathogenicity is similarly correlated with the extent of in vivo replication'' (31). Our results show that a genital herpes vaccine virus strain can be defective for viral replication and for latent FIG. 3 . Reduction of the shedding of the challenge virus from the genital tract in animals immunized with recombinant mutant HSV strains. Female 6-week-old BALB͞c mice were placed randomly into four groups of six mice each. All animals were injected twice, 4 weeks apart, by the subcutaneous route in the rear flank with 2 ϫ 10 6 pfu of dl5 (E), dl29 (‚), dl5-29 (ᮀ), or as a control, uninfected cell lysate (᭛). The mice were challenged 4 weeks after the boost injection by intravaginal challenge with 5 ϫ 10 5 pfu of HSV-2 strain G (Ϸ50 times LD50). Virus shed in the genital tract was collected by vaginal swabs daily for 1 week after the challenge and quantified by titration in Vero cell monolayer cultures. Shown are the geometric means of the virus titers Ϯ SEM. The lower limit of detection was 1 pfu͞ml. infection but still induce protective immunity. This finding provides a paradigm for a viral sexually transmitted disease vaccine strain, i.e., a virus that cannot replicate and cannot persist in the host but can induce protective immunity, features which should be considered in the design of other sexually transmitted disease vaccines including one for HIV. This mutant virus also has the properties desired in a safe vaccine vector for the expression of other antigens.
